Improving snow albedo processes in WRF/SSiB regional climate model to assess impact of dust and black carbon in snow on surface energy balance and hydrology over western U.S. (RCM), by incorporating the physically based SNow ICe And Radiative (SNICAR) scheme. SNICAR simulates snow albedo evolution due to snow aging and presence of aerosols in snow. The land surface model is further modified to account for deposition, movement, and removal by meltwater of such impurities in the snowpack. This paper presents model development technique, validation with in situ observations, and preliminary results from RCM simulations investigating the impact of such impurities in snow on surface energy and water budgets. By including snow-aerosol interactions, the new land surface model is able to realistically simulate observed snow albedo, snow grain size, dust in snow, and surface water and energy balances in offline simulations for a location in western U.S. Preliminary results with the fully coupled RCM show that over western U.S., realistic aerosol deposition in snow induces a springtime average radiative forcing of 16 W/m 2 due to a 6% albedo reduction, a regional surface warming of 0.84°C, and a snowpack reduction of 11 mm.
Regionally, in areas like southwest U.S., studies have found that disturbed soils due to grazing by domestic livestock consistently produced more sediment (2.8 times more) than undisturbed soils [Belnap et al., 2009] , increasing dust emission from those areas. Reduced plant cover during drought years also impacts soil surface stability and therefore dust emissions. In congruence with this observed dust emission increase, dust deposition at alpine sites in this region, particularly in the southern Rocky Mountains, has also increased [Neff et al., 2008; Painter et al., 2012; Li et al., 2013] . On the other hand, BC emission in western U.S. (WUS) occurs primarily close to urban centers [e.g., Bond et al., 2007] , but the largest impact would take place where urban areas and snow intersect most. BC deposition on snow is highly influenced by orographic effects [e.g., Qian et al., 2009] , but deposition in snow from dead trees from old forest fires has also been observed [e.g., Sterle et al., 2013; Gleason and Nolin, 2013] .
Need for Regional Climate Models (RCMs) With Physically Based Snow Models for Regional Studies
Sensitivity studies have shown that impurities in snow such as dust and BC, by changing albedo, have an impact on snow melt timing and amount [e.g., Flanner et al., 2007; Qian et al., 2009; Painter et al., 2010] , and are more efficient at melting snow than warmer surface air temperatures [Hansen and Nazarenko, 2004; Hansen et al., 2005; Flanner et al., 2009; Qian et al., 2011; Skiles et al., 2012] . Previous studies found that BC in snow has a non-negligible climate forcing, impacting surface temperature [Hansen and Nazarenko, 2004] , causing peak runoff to occur earlier than if snow was clean [Flanner et al., 2007] . These provide a first estimate of potential impacts of aerosols in snow. However, because global circulation models (GCMs) are used in these studies, they cannot resolve orographic-related precipitation processes due to coarser spatial resolution and smoother terrain, and therefore perform poorly when simulating snow in areas of complex topography [Ghan and Shippert, 2006; Christensen et al., 2007] , such as the WUS.
It is important to better understand and quantify the impact of aerosols in snow on the mountain snowpack and on subsequent hydrologic cycle, atmospheric circulation, and climate, especially at a regional scale, since that is the scale at which resource managers, policy makers, and stakeholders are most concerned. Appropriate spatial resolution using regional climate models (RCMs) can improve snow simulations because they can more realistically reproduce orographic precipitation and snowpack accumulation over regions of complex topography such as the WUS Rasmussen et al., 2011] . Qian et al. [2009] used an RCM in a sensitivity study over WUS to investigate the impact of BC on the hydrologic cycle. However, this study did not consider snow aging or vertically resolved snowpack radiative heating processes, including those due to aerosols in snow. These processes have been shown to be important to snow-albedo evolution and ice-albedo feedback [Marbouty, 1980; Fukuzawa and Akitaya, 1993; Sturm and Benson, 1997; Zender, 2005, 2006] . Representation of light-absorbing impurities in snow, snow aging, and vertically resolved snowpack radiative transfer processes allows models to capture the amplifying effect of aerosols in snow.
Up until recently, there were no comprehensive regional studies using RCMs with physically based snow schemes that consider snow aging, interactive snow radiative transfer, and presence of aerosols in snow, primarily due to a lack of models that account for such processes. We have modified and enhanced a land surface-regional climate model where the end product is one of few models that can be used at local and regional scales to quantitatively assess the impact of light-absorbing impurities such as dust, BC, and organic carbon (OC) in snow on regional mountain snowpack and associated hydrologic cycle, as well as possible impacts on regional climate due to their radiative forcing. To achieve this, we coupled the SNow ICe and Aerosol Radiative (SNICAR) model Zender, 2005, 2006; Flanner et al., 2007 Flanner et al., , 2009 Oleson et al., 2010] , a physically based snow scheme that includes snow aging and aerosols in snow when computing snow albedo, into the Simplified Simple Biosphere model version 3 (SSiB-3), which has already been incorporated within a regional climate model (namely, WRF-ARW). The model is modified such that SNICAR snow albedo is used in the SSiB-3 surface albedo and snow energy and water balance calculations. Additionally, a new scheme is designed to allow for the input to, movement within, and removal from the snowpack of aerosols such as dust, BC, and OC. The development of the new model is detailed in this paper, along with its validation and preliminary results of its full potential application. Our focus is on WUS where observed dust deposition on the Rocky Mountains snowpack is of great concern since mountain snowmelt supports irrigation, hydropower generation, and nearly 40 million people across seven states in this area ( crbstudy/finalreport/index.html). However, the model can be employed at varying spatial resolutions, from 1 to 90 km, and its output could be used in hydrologic models for various local and regional applications. [Shamarock et al., 2008] . WRF-ARW is able to resolve topographic features such as the Rocky Mountains in WUS when run at a higher resolution such as 15 km, which results in a realistic simulation of orographic precipitation and snowpack spatial variability when compared to observations [Qian et al., 2010; Rasmussen et al., 2011] . The Simplified Simple Biosphere version 3 (SSiB-3) [Xue et al., 1991 [Xue et al., , 2003 ] land surface model is employed, which is a biophysically based model that simulates land-atmosphere interactions by calculating the surface energy budget and surface water balance for three soil layers and one vegetation layer, with snow processes simulated by the Snow-Atmosphere-Soil Transfer scheme [Sun et al., 1999; Xue et al., 2003] . SSiB-3 has been validated with observational data, as well as in snow-model intercomparisons [e.g., Xue et al., 2003; Rutter et al., 2009; Shrestha et al., 2012] . SSiB has been coupled with a number of RCMs to extensively conduct U.S. regional climate studies [e.g., Xue et al., 2001 Xue et al., , 2007 De Sales and Xue, 2012] , and the version integrated with WRF-ARW, hereinafter referred to as (WRF/SSiB-3), has been released for public use through the National Center For Atmospheric Research WRF website.
Model Description
In SSiB-3, precipitation is categorized as snow when it accumulates with the surface air temperature below 0°C. Snow can accumulate on both the vegetation canopy and the ground, where the snowpack is one bulk layer if the snow is less than 7 cm, or three layers if it is thicker than 7 cm (see section A1 in Appendix A for more details on snow layer subdivision in SSiB-3). Snow cover fraction is determined based on snow depth, which can be decreased by compaction and melting, and increased by new snow. This snow cover scheme is similar to the SIB2/CSU parameterization [Sellers et al., 1996] . Changes in snow water equivalent (SWE), which is the sum of liquid water and ice grain mass, are described by the mass balance, with precipitation, snow melting, and evaporation/sublimation at the snow surface being the main contributors. In the original SSiB-3 and WRF/SSiB-3, surface albedo is calculated based on canopy and ground-level albedos, weighted by vegetation cover fraction (VCF):
where α canopy and α ground are each calculated for diffuse and direct, VIS and NIR radiation. α canopy considers vegetation and snow-on-vegetation reflectance in the radiative transfer calculations. For α ground , snow cover fraction (SCF) is also considered, to differentiate between snow-covered and snow-free areas, and for the latter, whether there is vegetation or not:
In this original version of SSiB-3, snow albedo (α snow ) is parameterized and related to SCF and solar zenith angle. If melting occurs within the snowpack, snow albedo in this pre-modified version of SSiB-3 is reduced empirically by 60% of the fresh snow albedo (0.85 in visible, 0.65 in near infrared). For this work, we replace the original α snow in the α canopy and α ground calculations with a more physically based snow albedo, as described in the following section.
The already integrated regional climate model (WRF-ARW)-land surface model (SSiB-3) just described will hereinafter be referred to as WRF/SSiB-3/orig, representing the original model.
New Snow Processes in WRF/SSiB-3
In this work, we coupled the SNow ICe and Aerosol Radiative (SNICAR) model by Zender [2005, 2006] into the WRF/SSiB-3/orig regional climate model (Figure 1 ). Here we employ the multi-layer coupled snow aging and radiative transfer schemes that are implemented in the Community Land Model (CLM)/CESM-GCM framework, described in detail by Oleson et al. [2010] , rather than the pure radiative transfer implementation of SNICAR that is available on the web at http://snow.engin.umich.edu/. SNICAR simulates radiative transfer in the snowpack using the two-stream, multiple scattering, multi-layer radiative approximation of Toon et al. [1989] . same five-band spectral grid employed by the radiative transfer model. Ice optical properties depend on the snow effective grain size, which is prognosed by the snow aging scheme described next. 2.2.1. Snow Grain Growth SNICAR calculates the effective snow grain radius, representing the snow aging process, as a function of snow temperature T snow , temperature gradient TG snow between snow layers, and snow density ρ snow based on an empirical equation by Legagneux et al. [2004] , which robustly fits predictions of grain size evolution from a more detailed microphysical model [Flanner and Zender, 2006] . This equation represents dry metamorphism, or vapor diffusion due to vapor density gradients resulting from vertical temperature gradient and differences in curvature of the snow particles, two of the five processes believed to contribute to snow grain growth. Wet metamorphism is represented empirically based on Brun [1989] . Refreezing of liquid water and deposition of fresh snow also contribute to grain evolution, the latter being represented by effective radius of fresh snow. Sintering, the fifth process [e.g., Zhang and Scneibel, 1995; Colbeck, 2001; Blackford, 2007] , is not explicitly modeled in this scheme but is implicitly accounted for, to some extent, in the aging parameters applied for dry snow evolution. Therefore, the effective snow grain radius, r e , calculated by SNICAR at a given time t, is are the change in snow radius due to dry metamorphism and wet metamorphism, respectively (see Oleson et al. [2010] , for a description of SNICAR in CLM/CESM-GCM).
is the initial rate of change of effective radius, dr fresh_snow is the difference between r e (t À 1) and that of fresh snow (r e,fresh_snow ) -here r e,fresh_snow is set to a constant value of 54 μm; τ and κ are best-fit parameters calculated offline and extracted from a lookup table based on snow temperature T snow , snow temperature gradient TG snow , and snow density ρ snow ; C 1 is a wet snow aging constant from Brun [1989] , and f liq is the liquid water fraction in snow (fraction liquid_water in Figure 1 ). r e,refreeze is set to 1000 μm, f refreeze is the fraction of layer mass that is refrozen, and f new_snow is the fraction of layer mass that is new snow. In the coupling of SNICAR with SSiB-3 (Figure 1 ), SSiB-3 provides input variables needed to calculate r e,i for each of the three snow layers i, namely, snow temperature (T snow,i ) and density (ρ snow,i ), snow layer thickness (dz snow,i ), liquid water (ω liquid,i ) and ice (ω ice,i ) contents in snow layer (from which snow temperature gradient is calculated), amount of snow on ground after interception by canopy, and snow refreezing rate, as illustrated in Figure 1 . Because there is limited scientific literature and quantitative understanding about the process of refreezing, we chose to turn off the refreezing term in this study.
Radiative Transfer
Once the effective snow grain radius for each snow layer is computed, it is passed to the snow radiative transfer part of SNICAR, where it is used to select the appropriate Mie optical properties for ice. Optical properties (single scattering albedo ω, mass extinction cross-section, and asymmetry scattering parameter, g) are also determined for eight aerosol types (hydrophilic and hydrophobic BC, hydrophilic and hydrophobic organic carbon, and four dust particle sizes) using a lookup table computed offline. These optical properties are used along with the solar zenith angle, bare surface reflectance (α soil ), ice (ω ice,i ) and liquid water (ω liquid,i ) contents, and concentration of absorbing impurities (if present) provided by WRF/SSiB-3 (Figure 1 ) to calculate bulk snow albedo (α snow ) and absorbed solar radiation flux in each snow layer (solar flux absorbed i ) for visible and NIR bands, through a set of radiative transfer calculations.
SNICAR in SSiB-3
Output from the SNICAR radiative transfer scheme, namely, snow albedo and absorbed solar radiation by each snow layer, is passed back to SSiB-3. The original snow albedo, α snow , described in section 2.1 that was calculated empirically is replaced by the snow grain size and impurities-dependent snow albedo calculated by SNICAR. The absorbed flux in each snow layer is used in SSiB-3 calculations of snow and surface/soil water and energy balances (Figure 1 ).
The SNICAR snow aging and snow radiative transfer schemes are employed by SSiB-3 twice, once for snow layer on the canopy and once for the snowpack on the ground. For each of these, SNICAR is called if the canopy or ground temperature, respectively, is less than 0°C and if SWE is greater than a minimum threshold, currently set to 1.0EÀ08 m (1.0EÀ05 mm). If temperature is below 0°C, and SWE is greater than zero but less than the minimum SWE, the effective snow grain radius is set to that of fresh snow and only the radiative transfer part of SNICAR is called. If the temperature is not below 0°C, or SWE is not greater than zero, SNICAR is not called. For the ground, r e is computed as described above [equation (3)], while for the canopy level, the effective snow grain radius is always set to that of fresh snow because we assume snow does not get the chance to accumulate much before falling off the vegetation, and will thus be relatively new snow with smaller grains.
Tracking Aerosol Mass in the Model
Since the new snow scheme computes snow albedo based on optical properties of snow grains and aerosols present in snow, SSiB-3 was modified to account for the input and tracking of light-absorbing impurities within the modeled snowpack. Specifically, aerosol mass is first inputted into the model, provided either by an aerosol surface deposition map or by an atmospheric chemistry/transport model, and the sum of wet and dry surface aerosol deposition, ] is passed in the subroutine where SSiB-3 deals with melting in the snowpack in order to calculate possible scavenging of aerosols by meltwater. The mass rate of change of aerosols in each snow layer due to meltwater removal is
where m i is the mass of aerosol in layer i, k is the species-dependent scavenging ratio, derived from Conway et al.
[1996] (see Table A1 in Appendix A), q i is the mass flux of water out of layer i, and c i is the mass mixing
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©2015. American Geophysical Union. All Rights Reserved. ratio of aerosol in layer i. The k scavenging ratios used in this study (0.03 for hydrophobic BC and 0.2 for hydrophilic BC) from Conway et al. [1996] are broadly comparable to those derived more recently for BC in snow in Alaska by Doherty et al. [2013] (ranging 0.12 to 0.2). Some aerosol mass will be lost entirely from the snowpack when runoff from snowpack occurs. The aerosol mass rate of change due to meltwater removal was inspired by the method used in the Community Land Model [e.g., Flanner et al., 2007; Oleson et al., 2010] . Finally, a method was developed to allow aerosol mass within the snowpack to be adjusted based on the number of snow layers and how each snow layer thickness might change within a model time step due to new snowfall, compaction, and melt; both aerosol mass and snow layer depth are updated at every time step in SSiB-3 (see sections A1 and A2 in Appendix A for more details).
The enhanced WRF/SSiB-3 model, as described in this section and summarized in Figure 1 , will hereinafter be referred to as WRF/SSiB-3/aer. Next section describes the experimental setup used to validate and utilize the new model.
Experiments and Data
Two types of experiments were conducted using the new model: (i) a set of point-based simulations using the offline version of the land surface model (SSiB-3/aer) and (ii) a set of regional simulations over WUS using the fully coupled WRF/SSiB-3/aer. The various experiments and models used are summarized in Tables 1a and 1b. 3.1. Offline Simulation 3.1.1. Experimental Design The newly modified SSiB-3/aer is used to conduct a set of point-based simulations to help assess the model's performance in reproducing snow properties and processes, such as snow albedo and depth, dust distribution in snowpack, and snow grain size evolution, when compared to observations. The offline SSiB-3/aer model is run for four different years (2009, 2011, 2012, and 2013) . SASP is a subalpine site located at 3371 m altitude in the eastern half of the Colorado River Basin at 37°54′N, 107°52′W. The measurements are taken in a sheltered clearing surrounded by subalpine forest. "Groundcover only" vegetation type is selected for the model simulation. SSiB-3/aer is run January through July (except for 2012 for when data were only available through May), under two different scenarios: (1) clean snow (NOAER)-no dust deposition, and (2) aerosol-loaded snow (AER)-observed levels of desert dust in snow used as forcing.
In addition, several sensitivity tests were performed to assess the model's response to uncertainties in dust forcing, such as those due to dust optical properties and amount of dust input. These experiments are summarized in Table 1b . Current SNICAR dust optical properties used in the snow radiative transfer part of the model are representative of dominant global dust. Our modeling study focuses on WUS, and dust in snow found in this region, where it has been found that using generic global dust optical properties cannot accurately constrain the reduction in snow albedo due to dust, either in magnitude or reflectance shape [Skiles, 2014] . We therefore reduce ω by 0.2 as one of the sensitivity studies, to assess the impact of changing dust optical properties on simulated albedo and snow depth (test AER-st3). We also performed tests in which the amount of dust mass inputted is doubled from that observed for both original ω values scenario (test AER-st2) and reduced ω scenario (test AER-st4). AER-st1 is the simulation with the original ω values and observed dust mass as forcing. The main offline simulations for the 4 years at the SASP location (AER and NOAER) were conducted using ω À 0.2 and observed amount of dust mass since we wanted to account for the more absorptive WUS dust [e.g., Skiles, 2014] while matching observed albedo and snow depth as best as possible (see section 4.1.3 under Results Analysis and Discussion, Figure 4 , and [2012] . The meteorological measurements from these towers are used as input to drive the SSiB-3/aer model. Dust mass sampled from the snow column near the tower is also used as forcing. Dust was deposited onto snow in the model on the dates recorded as dust-on-snow deposition events by the CSAS and IDS programs. The amount of dust used in the model is a combination of in situ values recorded by CSAS and IDS on or near the dates of the dust events, depending on data availability. The CSAS data are from 0.5 m 2 area bulk measurements, while the IDS data are from 3 cm × 0.05 m 2 gravimetric samples collected across the top 30 cm of the snowpack. Dust events timing and magnitudes are indicated for reference in Figure 2 along with albedo.
RCM Simulations 3.2.1. Experimental Design
The ultimate goal is to use WRF/SSiB-3/aer at a regional scale to both achieve a more realistic simulation and help investigate more quantitatively the impact of aerosols in snow on snowpack state and related hydrologic processes at such scale. As a first step in reaching these goals, we conduct a preliminary study using the newly improved model, WRF/SSiB-3/aer, in the coupled mode over the WUS (see Figure 10 for model domain coverage). WRF/SSiB-3/aer is used under two different scenarios, clean (wrf_NOAER) and aerosol-loaded (wrf_AER) snow, at a spatial model resolution of 15 km, from January to July 2009 (see Table 1a ). As in the offline simulations, ω values are reduced by 0.2 in these experiments to more closely represent WUS dust absorptive properties (see section 3.1.1).
Data
Global NCEP Reanalysis II product (http://nomad3.ncep.noaa.gov/ncep_data/index.html) is used as initial and lateral boundary conditions for both scenarios, while for the aerosol-loaded case, the GOCART aerosol deposition data set is also used as forcing. GOCART, the Goddard Chemistry Aerosol Radiation and Transport model, simulates emission, transport, and wet and dry deposition of major tropospheric aerosol components, including dust, BC, organic carbon (OC), sulfur, and sea salt [e.g., see Chin et al., 2000, for sulfate; Ginoux et al., 2001, for dust; and Chin et al., 2002, for other aerosols] . The model has been used in several studies to simulate dust distribution globally, and comparison with observations find that it generally reproduces dust distribution patterns and seasonal surface concentration variability reasonably well [e.g., Ginoux et al., 2001 Ginoux et al., , 2004 . Using the GOCART aerosol deposition data allows us to apply a realistic spatial and temporal aerosol forcing on snow. For this work, the GOCART group provided monthly accumulations of these aerosols for 2009 at a 1°× 1.25°horizontal resolution (Chin, personal communications, 2013) . The data are processed such that daily values of dust, BC, and OC, smoothed over the entire day, are deposited onto the modeled snowpack every 7 days, to simulate weekly aerosol deposition events (see section A3 for more details). This 
Results Analysis and Discussion
4.1. Offline Simulations 4.1.1. Snow Albedo The performance of the new SSiB-3/aer is first evaluated by comparing the point-based offline simulations from the AER and NOAER scenarios to in situ observations for the SASP location. Figure 2 shows simulated and observed albedo for each of the 4 years, along with precipitation and dust-on-snow events for reference. The modeled albedo has an average bias over Jan-Jul for the 4 years of 0.08 and 0.16 and RMSE of 0.14 and 0.25, for AER and NOAER, respectively. During the accumulation period (defined as 1 January to 15 April), both AER and NOAER simulations behave similarly and are consistent with observations, albedo decreasing mostly due to snow aging during periods of no fresh snowfall, and increasing with new snow, dust in snow having little impact on albedo. The AER and NOAER simulations start to diverge from one another during the ablation period, from 15 April to snow-all-gone (SAG) date. The NOAER simulation is unable to correctly reproduce albedo evolution during the melting season, remaining too large throughout most of that time.
On the other hand, the AER simulated albedo matches observations more closely, responding both to melting and to dust-on-snow deposition events. The difference between AER and NOAER simulations highlights the importance of considering aerosols in snow in model simulations, as the dust in the AER simulation lowers albedo significantly through both the direct and two indirect effects, and demonstrates that snow aging processes alone cannot explain the observed albedo reduction during the melting season. The external forcing due to deposition of dust and other aerosols to the snowpack must be taken into account through either specified, as did in this study, or interactive mode, as did in Zhao et al. [2014] . The improvement in the AER case is corroborated by the statistics in Table 2 , which show that despite a slight positive systematic model bias in albedo, the AER simulation has an average RMSE (0.14) and bias (0.08) that are half of those of NOAER albedo (0.25 and 0.16, respectively), a higher temporal correlation (0.88 for AER case, 0.73 for NOAER), and a standard deviation that matched observations to within 91% (OBS stdev is 0.23, AER is 0.21, NOAER is 0.12).
Snow Depth
Simulated and observed snow depth is plotted in Figure 3 , with the red line indicating the SAG date in observations. Simulated snow depth is consistent with the albedo results. During the accumulation period, there is little distinction between the clean (NOAER) and dirty (AER) snow simulations, both matching closely the observed snow depth magnitude and variability, capturing the gain and loss of snow mass due to new snowfall, compaction, and melt. However, during ablation, AER snow depth decreases at a pace closer to observations, while NOAER simulates a thicker snowpack, delaying the melting process and thus misrepresenting the length of the snow cover. As Table 3 shows, the clean snow simulation average snowpack duration is about a month longer (33 days) than that observed, whereas the dust-loaded snow cover duration is only about 14 days longer. While neither simulation matches observations exactly, the AER results have a smaller error (bias of 0.1; RMSE of 0.23) and better variability (temporal correlation of 0.93) compared to NOAER (bias of 0.21; RMSE of 0.43; temporal correlation of 0.81) over the simulated Jan-Jul period (Table 2) . 4.1.3. Sensitivity Studies Figure 4 shows how simulated albedo and snow depth might change if ω and/or dust mass are adjusted. A lower ω and doubled dust mass do not have a substantial impact until the ablation period, despite five dust events occurring prior to 15 April. However, during late spring and early summer, SSiB-3/aer becomes sensitive to such changes. Taking AER-st1 to be our control, where neither ω nor dust mass is modified, we observe that decreasing the ω only (by 0.2) (AER-st3) lowers albedo and snow depth more than a doubling of dust mass deposition (AER-st2). Altering both ω and dust mass (AER-st4) simulates albedo (Figure 4a ) closest to observations, but snow depth (Figure 4b ) is reduced too much during the ablation season compared to both observations and the other model scenarios, as the bias values in Figure 4c and Table 1b indicate: AER-st4 has the largest bias during the melting period (0.114) of all four sensitivity studies, whereas AER-st3 has the lowest (0.045). Because AER-st3 results in smaller model bias, and recounting WUS dust is more absorptive than generic dust currently represented in SNICAR, we conduct the main simulations in this study by using adjusted ω values (ω À 0.2).
Radiative Forcing
To quantify the impact dust in snow has on the surface energy budget, we calculate its radiative forcing (RF). RF is computed by taking the difference between net shortwave radiation (NSW) in the AER case and NSW in the NOAER case. Total RF of dust in snow, due to both the direct and two indirect effects introduced earlier, is calculated based on the NSW difference over the ablation period, here defined as 15 April to SAG in NOAER. In our simulations, total RF ranges from 32 to 80 W/m 2 for the 4 years, with an average of 54 W/m 2 additional energy absorbed at the surface ( [Painter et al., 2007a] .
RF from the second indirect effect alone, representing the additional amount of solar radiation absorbed at the surface due to earlier exposure of darker underlying layer, is the NSW difference over the period from SAG in AER case to SAG in NOAER scenario. We find a mean modeled RF over this interval of 118 W/m 2 , with a range of 78 to 142 W/m 2 (Table 4) . For clarity, the periods selected for RF calculations for the various effects are indicated visually in Figure 3d . The values in this study are within the range found by previous studies at the SASP site. Figure 3d indicate periods over which various radiative forcings (RF) are calculated. D refers to "direct", 1 st ID to "first indirect", and 2 nd ID to "second indirect" RF. observational studies, indicate that the influence of dust in snow at this location is substantial, with implications to the snowpack state as discussed above, and ultimately to runoff and water resources.
Snow Aging
We also validate the model's ability to simulate snow aging. Snow grain size evolution matters both during the accumulation period and perhaps more importantly during the melting season, when it enhances the effects of impurities in snow. Figure 5 presents stratigraphy of snow particle radius observed at the SASP location for the year 2011, along with modeled effective snow grain size averaged over the 4 years simulated. Because observed r e is recorded every 2 cm vertically, while modeled snow is divided into only three layers, it is difficult to do a direct comparison. However, Figure 5 suggests the model is able to capture the main features of how r e changes with depth. SSiB-3/aer generates the largest snow grains in the middle modeled layer, between 2 and 22 cm from the snow surface, which is consistent with observations at the SASP sites, where the largest snow grains are found just below the top layer ( Figure 5 ). This observation is corroborated by other field studies [e.g., Painter et al., 2007b] .
Mass of Dust in Snow
The magnitude of the impact of impurities in snow depends on their location within the snowpack. Figure 6 shows how the mass of dust in each model snow layer changes over time during the 2013 spring season, along with precipitation and runoff for reference. Both the timing and magnitude of simulated dust mass in the top 2 cm of snow compare well to observed mass in the top 3 cm at the SASP site, with a temporal correlation of 0.8 and RMSE of 1.0EÀ03 (Table 2 ). Dust mass budget in SSiB-3/aer responds to precipitation events, which tend to reduce dust amount in top layer and increase mass in the middle and bottom layers. SSiB/aer also responds well to dust deposition events, increasing dust mass in the top layer, unless it happens to be a strong wet dust deposition event, in which case dust layers are quickly buried and placed in the layers below. These processes are in agreement with observations at this site [Painter et al., 2007a; Skiles et al., 2012] . Dust mass in the top layer also increases when there is compaction, melting, and little-to-no new snowfall, for example, during 30 April to 6 May (arrows in Figure 6 ). This occurs because the top snow layer itself is adjusted. In this case the top snow layer first decreases in depth due to compaction and melt, but is adjusted before the new time step by receiving some of the middle snow layers, and therefore aerosol mass, to be equal to 2 cm in thickness as intended (see sections A1 and A2 in Appendix A for more details on how snow layers and aerosol mass are adjusted). This means the top snow layer aerosol content increases since it receives some of the aerosol mass from the middle layer. As seen in Figure 6 , during this period (30 April to 6 May) dust mass increases in the top layer while decreasing in the middle and bottom layers; the bottom layer is also losing dust and snow mass through runoff. The model tends to keep the dust in the top part of the snowpack as it is starting to melt, in agreement with previous field studies [e.g., Conway et al., 1996; Painter et al., 2007b] . The newly enhanced model generally captures the aerosol/snow physical processes. This point-based, offline study leads to the question of what is the impact of aerosols in snow on snowpack albedo, duration, and consequently runoff and overall hydrologic cycle, on a larger, regional scale such as WUS. Having SSiB-3/aer implemented in a regional climate model (WRF/SSiB-3/aer), as described earlier, allows us to investigate this question.
RCM Simulation
Using the RCM modeling framework, we examine (1) the improvement of the new model (WRF/SSiB-3/aer) with respect to the previous version (WRF/SSiB-3/orig), thus highlighting the importance of properly simulated snow processes, as well as (2) the impact of impurities in snow on the regional snowpack. Preliminary test results based on a 1-year simulation are presented in this section. Figure 7 shows the 2009 March-April-May (MAM) average SWE simulated with both the pre-modified (WRF/SSiB-3/orig) and improved (WRF/SSiB-3/aer) versions, and compared to SNODAS reanalysis. The newly enhanced RCM does well in capturing the main features of the SWE spatial distribution over WUS, especially over high topography such as the Sierra Nevada, Cascade, and Rocky mountain ranges, despite a negative bias in average magnitude of À17 mm. WRF/SSiB-3/aer reduces the bias with respect to SWE reanalysis by more than half compared to WRF/SSiB-3/orig, underlining the added value of including snow aging and vertically resolved snow radiative transfer explicitly in the model. WRF/SSiB-3/orig, in which vertically resolved radiative transfer and the effects of snow grain size and aerosols on the albedo were ignored, melts snow too soon, leading to an underestimated snowpack during springtime. Overall, the new model (WRF/SSiB-3/aer) simulates a higher SWE than the pre-modified version (WRF/SSiB-3/orig), resulting in a more realistic snow spatial distribution as shown in Figure 7 . This is due to snow albedo in WRF/SSiB-3/aer being larger than in WRF/SSiB-3/orig during the accumulation period or when and where there is little-to-no aerosol deposition. In WRF/SSiB-3/orig, snow albedo is empirically set to 0.85 (in VIS) and reduced by 60% during melt (as discussed in section 2.1). In WRF/SSiB-3/aer, fresh snow has a small snow grain size (set to 54 μm), which causes a high snow albedo. Also recall that snow albedo is scaled by snow cover fraction, which is a function of snow depth, and will therefore be different in the original and modified WRF due to snow-albedo feedbacks.
Of great importance is understanding how aerosols in snow affect the snowpack regionally in the springtime. Figure 8 shows changes in modeled surface albedo, NSW radiation, skin temperature, and SWE between wrf_AER (aerosol-loaded snow) and wrf_NOAER (clean snow) simulations for MAM 2009. The inserted statistics in each panel represent the wrf_AER-wrf_NOARE average difference for albedo, NSW, skin temperature, and SWE over the domain 30-50°N, 129°W to 102°W during the MAM period, wherever this difference is greater than 0.02, 5 W/m 2 , 0.2°C, and 1 mm, respectively. Percent change is also indicated in parentheses. There is a clear reduction in surface albedo when dust, BC, and OC are present in the simulated snow, by as much as 0.3 and an average of about 6% during MAM, a 22% change (Figure 8a ). The larger changes are over the southern parts of WUS, in particular over the Southern Rockies and the intermontane Great Basin area. These regions correspond to significant surface dust deposition (Figure 9 ) in the GOCART forcing data set, which is in agreement with satellite-based observations of dust emission source areas [e.g., Ginoux et al., 2012] . Because surface albedo is lowered in the presence of aerosols in snow, NSW radiation increases, leading to an average radiative forcing of 16 W/m 2 (7.6% change) over the MAM period (Figure 8b ) (again, this is averaged wherever RF difference is greater than 5 W/m 2 , and over the domain 30-50°N, 129°W to 102°W as detailed above). This forcing causes a MAM average increase in skin temperature of 0.84°C (Figure 8c ) over the specified domain and thus an overall decline in springtime SWE of about 11 mm, a À33% change (Figure 8d) , with higher SWE reductions over mountainous, higher elevation areas (Figure 10b ) where SWE is relatively larger.
The change in skin temperature, TSK, (ΔTSK) (Figure 8c ) due to the presence of aerosols in snow varies in magnitude across the domain. Several studies suggest an elevation dependency of temperature change in response to climate drivers, although there is a disagreement as to whether warming rates increase or decrease with elevation (see Rangwala and Miller [2012] , for a literature review). When plotted against topography height, our simulations do show a ΔTSK elevation dependency (Figure 11a ). The largest ΔTSK over the MAM period occurs at relatively high elevations, between 1400 and 2400 m (Figures 11a and 11c ) and above 3200 m, ranging 0.58°C to 0.92°C. At even higher elevations, 2400 to 3200 m, ΔTSK is still noteworthy though not as large, ranging 0.35°C to 0.46°C. This relatively smaller ΔTSK at the higher elevations (2400-3200 m) might be explained by the difference in vegetation types found at these various elevations (in the model). Vegetation type in this elevation band is mostly needle-leaf evergreens (Figure 10a ), whereas the 1400-2400 m band has shrubs with bare soil and/or dwarf tree with ground cover (Figure 11b ). This suggests the taller vegetation (evergreens) contributes to moderate and suppress the temperature increase caused by the presence of aerosols in snow. The analysis of ΔTSK in conjecture with elevation, vegetation type, and freezing line suggests that in general ΔTSK due to aerosols in snow increases with elevations, but the location of the freezing line and taller bigger vegetation such as evergreens, if present, tend to suppress this warming. The interplay between aerosols in snow, snow albedo, TSK, SWE, elevation, and vegetation type require further study and will be addressed in a future paper.
It is important to note a few key shortcomings in using an offline surface aerosol deposition data set such as GOCART, as it may affect estimates of impact of aerosols in snow. Because the model used to provide the GOCART data is a global model, it has a relatively coarse spatial resolution (here 1°× 1.25°), which might cause it to miss the spatial and temporal variability of aerosol deposition on mountain snow, primarily due to the smoothing of high complex terrain, likely causing an underestimation of impacts of aerosols in snow. In addition, since GOCART was run separately from our RCM simulations, there is a discrepancy between timing of aerosol surface deposition and snowfall/snow accumulation. Based on the method of inputting the GOCART light-absorbing impurities in the RCM snow (section 3.2.2), the deposition onto the snowpack is done rather evenly through time (once every seventh day), and not synchronous with snow or rainfall events, which deposit aerosols through wet atmospheric removal. This mismatch implies some potential error in the vertical profile of aerosol concentrations in the snowpack. However, by adjusting the mass of aerosols in each snow layer when there is snowfall (including the top layer), our model accounts for the redistribution of aerosols in snow with new precipitation, even if the snowfall event may not match exactly with a potential wet deposition aerosol event. While coupled online simulation framework is desirable (e.g., use of WRF with "chemistry" component "on"), this is a challenging subject and heavily dependent on the proper specification of dust source emission. There is still much uncertainty in processes controlling dust emission characteristics, including dust size distribution [e.g., Reid et al., 2003] and spatial variability. Furthermore, there has been limited use and evaluation of WRF-Chem ability to emit, transport, and deposit dust across WUS region, leading to uncertainties. While we acknowledge the potential of WRF-Chem to be used in coupled mode with the framework presented here in order to improve certain aspects of the simulation, because of the existing uncertainties, we feel that use of GOCART data as the surface aerosol forcing data in our WRF/SSiB-3/aer simulations is a reasonable method.
Conclusions
We improved snow processes in the Simplified Simple Biosphere (SSiB-3) land surface model coupled with the Weather Research and Forecasting/Advanced Research WRF (WRF-ARW) regional climate model (RCM), by incorporating the snow-aging, interactive snow-aerosol radiative transfer SNICAR model. The original snow albedo in WRF/SSiB-3 is replaced by the physically based albedo provided by SNICAR, while absorbed radiation within the snowpack calculated by SNICAR is used in surface energy and water balance in SSiB-3. The land surface model is further modified to account for deposition, movement, and removal by meltwater of aerosols in the snowpack. The result is one of few regional models that allow for realistic simulation and investigation of how changes to snow albedo can affect the water and energy balance, snowcover and snowmelt, and climate on a regional scale, including changes due to impurities in snow.
Offline validation of the new model shows it can realistically reproduce snowpack properties, especially in the spring when snow begins to melt and aerosols in snow have a significant impact. The aerosol-loaded scenario simulates snow albedo and snow depth that match observations better than the clean snow case. Bias is reduced by about 50% in the aerosol-loaded scenario, and correlation is improved relative to clean snow. In the case when no impurities are present in snow, snow cover duration is overestimated by about a month, while the dirty snow simulation reproduces snow cover duration closer to that observed, within about 13 days. The point-based simulation for the location in the San Juan Mountains in the Southern Rockies of the WUS suggests an average dust-in-snow radiative forcing of 54 W/m 2 during MAM for the 4 years simulated.
On a regional scale, the newly improved RCM produces a springtime radiative forcing over WUS of 16 W/m 2 , a consequence of surface albedo being reduced by about 6% in the presence of impurities in snow. This forcing causes the skin temperature to increase by 0.84°C and leads to a WUS snowpack loss of about 11 mm averaged over the four simulated MAM seasons. WRF/SSiB-3/aer model results suggest an overall elevation dependency for change in TSK for the WUS region, with higher elevations (1400-2400 m) experiencing larger increase in TSK (0.58-0.92°C) due to aerosols in snow, although certain vegetation type and freezing line location can suppress such effects.
The RCM results are a preliminary look at the impact of dust, BC, and OC in snow when a regional climate model with physically based, comprehensive snow-aerosol interactions is used. One of the benefits of this model is that it could be used over any region of the world, at varying regional scales and spatial resolutions, and its output could be used in hydrologic models for various local and regional applications. Additionally, because the model considers both snow aging and aerosols in snow explicitly, it can be employed for simulations under a changing climate, including effects such as warmer temperatures affecting grain size evolution, increased dust emission and deposition due to increased drought-like conditions, and increased BC emissions.
The work presented here is a major step toward improving modeling of snow and aerosols-in-snow effects on a regional scale; however, some uncertainties remain. The use of offline GOCART aerosol deposition in snow causes a mismatch between the timing of aerosol deposition on snow, snowfall, and wet deposition events. This can lead to uncertainties in vertical distribution of aerosols within the snowpack. Employing an atmospheric chemistry model coupled to the RCM framework presented here is desirable to account for such discrepancies. In addition, the modeled vertical profile of aerosols concentration in snow is also sensitive to the scavenging parameter, k, which in turns affects the magnitude of RF of aerosols in snow, as shown in a recent study by Qian et al. [2014] . They found that a 10-time increase in default value of k (0.02 → 2.0) leads to a decrease in aerosol concentration in snow that was consistent with a decrease in 
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RF of up to 2-3 W/m 2 over WUS (10-year April mean). However, the k values used in the work presented here, taken from Conway et al. [1996] , are in general agreement with more recent work by Doherty et al. [2013] . Based on current knowledge about the scavenging of aerosols in snow by meltwater, we do not expect k to vary much, thus having minimal impact on estimated RF in this study.
Appendix A A1. Snow Layers in SSiB-3
The SSiB-3 land surface model can have up to three snow layers, depending on the total thickness of the snowpack. If snow depth is less than the critical snow depth value, currently defined as 7 cm, there is only one snow layer. If snow accumulation surpasses 7 cm, the snowpack is divided into three layers, according to the following method: (i) if total snowpack depth is between 7 and 8 cm, the top and middle snow layers are each set to 2 cm, and the bottom to the remaining snow depth; (ii) if total snowpack depth is between 8 and 62 cm, the top layer is set to 2 cm, middle to 1/3 and bottom to 2/3 of the remaining depth; and (iii) if the snowpack is thicker than 62 cm, top snow layer is set to 2 cm, middle to 20 cm, and bottom to the remainder.
During a given model time step, each snow layer may change due to new snowfall, compaction, and melt. At the end of that time step, the snow layers are adjusted such that the top layer equals 2 cm. For example, if there is new snowfall during a given time step, the top snow layer will gain snow, thus increasing in depth. However, this will cause some snow compaction to occur, perhaps causing the top layer depth to fall below 2 cm. Before the end of the time step, the model will adjust the snow layers, taking some snow from the middle layer and placing it in the top layer, such that the top can be 2 cm; this causes the middle and bottom layers to also be adjusted accordingly. For further details about the method of layering snow in SSiB-3, please refer to Sun et al. [1999] .
A2. Tracking Aerosols Mass Within Model Snowpack
With the introduction of aerosols in snow in the modeling framework (both SSiB-3 and WRF/SSiB-3), we had to account for how aerosol mass changes within a given snow layer depending on how the snowpack changes. When total snow depth goes below 7 cm, the three snow layers are combined into a single layer. Accordingly, aerosol mass corresponding to each of those layers will be combined into a single mass value, representative of the single snow layer. On the other hand, when the snowpack grows to above 7 cm threshold, it will be divided into three snow layers as described in the previous section. Total aerosol mass in this case is also divided into three layers. For examples, aerosol mass in the top layer (aer_mass 3 ) is set to the ratio (R 1 ) of the bottom snow layer thickness (dz 1 ) to total snow thickness, times total aerosol mass (aer_mass_total), whereas the bottom layer aerosol mass (aer_mass 1 ) is set to the ratio (R 3 ) of top snow layer thickness (dz 3 ) to total snow thickness, times total aerosol mass (aer_mass_total):
R i ¼ dz i =dz total ; for i ¼ 1; 2; 3 aer_mass 1 ¼ R 3 *aer_mass_total aer_mass 2 ¼ R 2 *aer_mass_total aer_mass 3 ¼ R 1 *aer_mass_total where i = 1 is the bottom layer, i = 2 is the middle layer, and i = 3 is the top snow layer. This method is used because it has been found by previous studies [e.g., Conway et al., 1996; Flanner et al., 2007] that aerosols in snow tend to remain toward the top of the snowpack (even during melting) or in the layer they were originally deposited in. Splitting single aerosol mass (into the three corresponding layers) inversely proportional to how snow layer depth is defined allows us to keep the bulk of the aerosol mass toward the top of the pack.
During the ablation period, when there is meltwater in the snowpack, aerosols throughout the snow may be scavenged by this meltwater. The efficiency with which meltwater can move or remove aerosols depends on the type of aerosols present. Here we use species-dependent scavenging ratio derived from Conway et al.
[1996] (see Table A1 ). If the snow is a single layer, runoff within the pack will remove aerosol mass altogether (amount depended on efficiency). On the other hand, if the snow is multi-layer, aerosol mass may be moved from a layer to the one below according to equation (6) in the main text.
Each of these snow layers themselves can change (during a given time step) due to new snowfall, compaction, and melting, as described in section A1. When this happens, aerosol mass is adjusted proportionally with howmuch the snow layer depth itself has changed. For example, if the top snow layer decreases in depth within a given time step due to compaction and melt, it is adjusted before the new time step by receiving some of the middle snow layers, and therefore aerosol mass, to be equal to 2 cm in thickness (as explained in section A1). This means the top snow layer aerosol content also increases since it receives some of the aerosol mass from the middle layer.
A3. Processing GOCART Data for Input to WRF
For this work, the GOCART group provided monthly accumulations of these aerosols for 2009 at a 1°× 1.25°h orizontal resolution (Chin, personal communications, 2013) . In order for these data to be ingested by WRF/SSiB-3/aer, several steps have to be taken: (i) data are transformed to a regular 1°× 1°horizontal resolution; (ii) data are converted to needed units: dust from kg/box to kg/m 2 , and BC and OC from mole/box to kg/m 2 using the following: where a grid box area is provided in the data set, and molecular mass of BC is 12 g/mol; (iii) wet and dry deposition values are summed together to give total deposition; and (iv) WRF takes the accumulated monthly aerosol values and places them at the 15 th of each month, then interpolates to a daily value. For this study, every seventh day value is used as input and deposited onto the modeled snowpack, smoothed over the entire day, to simulate weekly aerosol deposition events.
GOCART provides surface dust deposition amount in four bins: bin 1 is 0.1-1.0 μm, bin 2 is 1.0-1.8 μm, bin 3 is 1.8-3.0 μm, and bin 4 is 3-6 μm. A note should be made that SNICAR bin sizes, which are important when optical properties for a given dust grain is extracted for RT calculations, are slightly different: bin 1 is 0.05-0.5 μm, bin 2 is 0.5-1.25 μm, bin 3 is 1.25-2.5 μm, and bin 4 is 2.5-5.0 μm. In our study, we prescribe GOCART bin size 1 dust amount to correspond to SNICAR bin size 1 optical properties, GOCART bin 2 to SNICAR bin 2, GOCART bin 3 to SNICAR bin 3, and GOCART bin 4 to SNICAR bin 4. GOCART bin size 5 is not presently used. The discrepancy in bin sizes is small, and they match fairly closely considering how the bins line up on the log-normal dust size distribution found in WUS. We therefore do not anticipate this to have a large impact on our simulations. 
